Low-temperature AuAu bonding was achieved under vacuum ultraviolet irradiation in the presence of oxygen gas (VUV/O 3 ). The Au surfaces obtained after the VUV/O 3 treatment were analyzed by X-ray photoelectron spectroscopy (XPS) and atomic force microscopy (AFM) measurements. The results indicate that the amount of carbon-based contaminants was dramatically decreased and that there was no serious damage to Au surfaces caused by the VUV/O 3 treatment. The AuAu bonding temperature was successfully reduced to 150°C after the VUV/ O 3 treatment. The average shear strength was approximately 56 MPa, and cross-sectional scanning electron microscopy (SEM) images of the bonded samples confirmed the absence of voids and cracks. Therefore, VUV/O 3 treatment is highly effective for achieving low-temperature AuAu bonding.
Introduction
Three-dimensional (3D) chip-stacking technology is an attractive means of reducing interconnect delays in future integrated circuits (ICs) because through-silicon vias (TSVs) and micro-bumps offer shorter wiring distances between the stacked chips.
17)
Low-temperature bonding is important for 3D chip stacking in order to avoid various problems arising at high temperatures such as thermal damage to the circuit elements, chip warping and thermal expansion, which may lower the alignment accuracy. Conventionally, proposed low-temperature AuAu bonding techniques have included plasma irradiation 8) or ultrasonic bonding. 9) However, plasma irradiation cleaning requires high-vacuum conditions (pressure less than 10 Pa), 10) which reduces the throughput of the bonding process. On the other hand, it is difficult to bond large chips with many bumps using ultrasonic bonding because the ultrasonic vibration is dispersed on each bump, decreasing the intensity of the vibrations. Furthermore, it is difficult to align chips with a high degree of accuracy because of the ultrasonic vibration.
Vacuum ultraviolet irradiation treatment in the presence of oxygen gas (VUV/O 3 ) can prevent such problems.
11) The concept of this treatment is to remove carbon-based organic contaminants with the oxygen radicals excited by VUV, thus causing oxidative degradation and volatilization of the contaminants. This treatment causes no serious damage to the cleaned parts and can be used for wafer-level cleaning. In addition, the treatment system needs only low-vacuum conditions (pressure of 30 kPa), so the throughput of the bonding process can be higher than that obtained through plasma irradiation cleaning. In this paper, VUV/O 3 treatment was studied as a technique for reducing the AuAu bonding temperature. Figure 1 shows a cross-sectional schematic illustration of an upper silicon chip with Au bumps and a lower Si substrate with evaporated Au. The diameter, pitch and height of the Au bumps are 10, 100 and 1.7 µm, respectively. The bump count on the chip is 900. Furthermore, 30-nm-thick Ti and 300-nmthick Au films were evaporated on the lower silicon substrate.
Materials and Procedures

Materials
The process for fabrication of an Au bump is shown schematically in Fig. 2 Figure 3 shows an optical micrograph of a chip with Au bumps and an SEM image of a single Au bump. Figure 4 shows a cross-sectional illustration of the VUV/O 3 treatment system (Ushio UER 20-172), which is composed of a lamp house and an irradiation chamber. The UV light has a central wavelength of 172 nm and a full width at half maximum (FWHM) of 14 nm. Light with a wave- length shorter than 175 nm can produce oxygen radicals by directly decomposing oxygen. The UV light, transmitted through the glass window of the lamp house, causes chemical reactions in the irradiation chamber. Oxygen radicals generated by oxygen and ozone cause oxidative degradation that volatilizes the contaminants. Thus, organic contaminants were removed via these reactions. Before flip-chip bonding, both the upper chip and the lower substrate were subjected to VUV/O 3 treatment. The VUV/O 3 treatment conditions are shown in Table 1 . The treatment was carried out at room temperature in a chamber with an ozone pressure of 30 kPa. The exposure time for each sample was 5 min.
Procedures 2.2.1 VUV/O 3 surface treatment
Bonding process
The AuAu bonding was carried out both with and without VUV/O 3 treatment such that the effect of the VUV/O 3 treatment could be evaluated. After both an upper chip and a lower chip were subjected to the VUV/O 3 treatment, the chip with Au bumps was bonded to the evaporated-Au chip surface as soon as possible to prevent adhesion of contaminants from the ambient air after the VUV/O 3 treatment. Figure 5 shows a cross-sectional illustration of the bonding equipment. First, the processing chamber was evacuated to a pressure of less than 100 Pa. Then, the bonding pressure and temperature were applied. Both the upper chip and the lower chip were heated by carefully controlled electric heaters above and below the chips. The bonding conditions are shown in Table 2 . The bonding temperature was 150°C, and the bonding times, which are the times for which the samples were kept at the bonding temperature, were 10 and 20 min. The bonding pressure was 262 MPa. Chamber pressure P c /Pa <100
Characterization
Atomic force microscopy (AFM) measurements (using a SHIMADZU SPM-9600) were performed to examine the surface roughness and morphology of the Au bumps and the evaporated-Au chip surface before and after VUV/O 3 treatment.
X-ray photoelectron spectroscopy (XPS) was used to investigate the composition of the Au surfaces before and after VUV/O 3 treatment. XPS measurements (using a Japan Electron Optics Laboratory JPS-9010TR) were performed using Mg K¡ (1253.6 eV) radiation at 100 W (10 kV, 10 mA).
After the bonding, the shear strengths of the samples, bonded both with and without VUV/O 3 treatment, were measured by performing shear strength tests (using a Dage Japan Dage-4000). Figure 6 shows a cross-sectional illustration and a photograph of the die shear test setup. The bonded sample was horizontally strained by the shear tool, and the stress at rupture was measured. The shear tool speed in the die shear test was 50 µm/s.
Results and Discussion
Surface analysis
Figures 7 and 8 show AFM images of the evaporated-Au chip surface and an Au bump surface, respectively, before and after VUV/O 3 treatment. The AFM-scanned area was 5 © 5 µm. The root mean square (RMS) surface roughness of the untreated evaporated-Au chip surface and an untreated Au bump were 1.58 and 35.5 nm, respectively. The RMS surface roughness of the VUV/O 3 -treated evaporated-Au chip surface and a VUV/O 3 -treated Au bump were 2.07 and 36.3 nm, respectively. The differences between the surface roughness values before and after VUV/O 3 treatment were minimal.
Figures 9 and 10 show narrow-scan C 1s and Au 4f XPS spectra before and after VUV/O 3 treatment of the evaporated-Au chip surface and an Au bump surface, respectively. In Figs. 9(a) and 10(a) , there is a large peak attributable to CC bonds at 284.6 eV and relatively small peaks attributable to CO bonds at 286.5 eV and OC=O bonds at 288.7 eV. After VUV/O 3 treatment, the CC and CO bond peak strengths dramatically decreased, which shows that organic contaminants on the evaporated-Au chip surface and on the Au bump surface were removed by the VUV/O 3 treatment. The reason that permits removal of organic contaminants by the treatment is considered to be the following. The bond energies of CC bonds and CO bonds are 348 and 358 kJ/mol, respectively. Therefore, the 172 nm VUV light, whose photon energy is 697.5 kJ/mol, has sufficient energy to rupture the chemical bonds of molecules, thereby forming organic contaminants. Thus, organic contaminants were split into smaller components by the VUV light. After this photodissociation reaction, oxygen radicals, which were also produced by photodissociation of oxygen and ozone molecules, reacted with those organic components and formed water and carbon oxides. These compounds were volatilized and eventually removed at the surface. Figures 9(b) and 10(b) show two distinct peaks corresponding to Au 4f 7/2 at 84.0 eV and Au 4f 5/2 at 87.9 eV. The peak intensity in the Au 4f spectra increased after the VUV/O 3 treatment, which means that the purity of the Au on the surfaces increased because organic contaminants were removed. As shown in Tables 3 and 4 , the carbon concentration decreased by almost 30% and the Au concentration increased by almost 23% after the VUV/O 3 treatment.
Shear strength testing
The shear strengths per unit area of the samples bonded with and without VUV/O 3 treatment are shown in Table 5 . The Au bumps were bonded to the evaporated-Au chip surface at 150°C after the VUV/O 3 treatment. The upper chips were easily broken away from the lower substrates using tweezers when no VUV/O 3 treatment was performed. This is because organic contaminants remained at the interface during the application of bonding pressure, and prevented Au atoms from diffusing through the contaminant layer to the other side when no treatment was performed. In contrast, the Au bump surface got closer to the evaporatedAu chip surface during the bonding process due to the removal of carbon-based contaminants by the VUV/O 3 treatment. The treatment promoted interface diffusion, thus forming stronger metallurgical bonds between the surfaces over a wider bonding area. Figures 11 and 12 show cross-sectional SEM images of the samples bonded for 10 and 20 min, respectively, after VUV/ O 3 treatments. As shown in the figures, nanometer-sized voids are present at the AuAu bonding interface. However, there are no obvious voids in a large section of the bonding area. This is because the RMS surface roughness of the Au bump is about 36 nm, which is more than ten times larger than that of the Au thin film. Therefore, the surface asperities of the Au bumps could not deform completely. Furthermore, there were no specific differences between the shear strengths and the bonding interfaces of the samples bonded for 10 and 20 min. These results demonstrate that sufficient interfacial diffusion was promoted within 10 min. 
Conclusion
In this study, AuAu bonding was achieved at 150°C by performing VUV/O 3 treatments. XPS and AFM results showed that the amounts of carbon-based organic contaminants were significantly decreased by the VUV/O 3 treatment without any damage to the Au surfaces. Furthermore, the SEM observation showed no obvious voids at the bonding interface. These results indicate that interface diffusion was promoted by the removal of organic contaminants during the VUV/O 3 treatment, which led to the formation of strong metallurgical bonds at the bonding interface. Therefore, VUV/O 3 treatment is highly effective for reducing the Au Au bonding temperature.
